The development of new thermoplastic polymer-based piezoelectric sensors with filament geometry is described. These filaments are appropriate for integration into textiles and provide new possibilities in the design and development of low cost flexible sensors produced at high rates. The developed three-layered piezoelectric monofilaments have been produced by co-extrusion using poly(vinylidene fluoride) and two different polypropylene-based electrically conductive polymers. Filaments with about 800 µm diameter, producing electrical signals proportional to the mechanical deformation applied, were obtained. The signal output has been found sufficient for straightforward use with conventional piezoelectric signal conditioning systems. One of the conductive polymers tested allowed better filament geometry and process stability.
This paper describes the co-extrusion production process and the results obtained in the electromechanical tests performed.
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INTRODUCTION
Poly(vinylidene fluoride) (PVDF) has been extensively studied due to its remarkable piezo-, pyro-and ferroelectric properties among polymers. These properties have been used for the development of sensor and actuator devices and technologies. [1] [2] [3] The electroactive properties of PVDF depend on several factors including the degree of crystallinity, structure and orientation of the crystalline fraction of the semi-crystalline polymer, which strongly depend on the employed processing conditions. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] PVDF can crystallize in four different crystalline phases, identified as , ,  and . The non-polar -phase is readily obtained by crystallization from the melt at high or moderate cooling speeds. 1, 3 From the point of view of its piezoelectric activity, the most interesting phase is the -phase, which is most commonly obtained by stretching the -PVDF at temperatures between 80 ºC and 120 ºC with a stretch ratio (R) between 3 and 5. 1, 11, 12 After processing, the material is usually further poled in order to improve its piezoelectric response, aiming for the production of better sensor and actuator devices.
After this stage, the piezoelectric polymer will produce an electrical potential upon mechanical excitation and a mechanical action will be produced if the polymer is subjected to an electric field. Poling can be achieved using several alternatives, including corona poling and the Bauer method, among others. [1] [2] [3] The most simple and straightforward poling method is performed just by applying to the electroded material an electrical field higher than its coercive field, which typically ranges from 50 to 120 MV m -1 for PVDF. 13 If the poling is undertaken in a temperature range between 85 ºC and 130 ºC, the piezoelectric response can be further improved. 14 PVDF-based piezoelectric sensors and actuators are available on the market, usually in the form of films. A polymer based piezoelectric device is composed of at least one piezoelectric active layer and two electrically conductive layers used as electrodes for the connection of electronic conditioning/drive equipment. 15 In the case of films, the typical arrangement of the layers is the parallel one (see Figure   1 ). In this work, piezoelectric filaments comprising three thermoplastic material layers in coaxial arrangement, as illustrated in Figure 1 , have been developed. This geometry is expected to allow a new range of applications in areas such as e-textiles and structural health monitoring.
FIGURE 1 Parallel (film) and coaxial (filament) arrangement of layers
An effective way to achieve the desired geometry is to process simultaneously the conductive elements and the piezoelectric layer. One of the most interesting possibilities is the use of polymer based electrodes, in particular the ones based on polypropylene.
Polypropylene has a very competitive cost, based on the cheap monomer and the efficient polymerization technology, when compared with other polymers. 16 It can be easily processed by extrusion and the addition of a small amount of conductive fillers, allows the achievement of electrically conductive thermoplastic composites. 17 Several thermoplastic polymer based conductive grades are commercially available.
The extrusion of PVDF in the form of filament and the relationship between processing parameters and the β-phase content has been investigated in some works. Some authors have concluded that the optimized processing conditions for single PVDF monofilaments are similar to the ones established for film extrusion, i.e. stretching the -PVDF at temperatures between 80 ºC and 120 ºC using a stretch ratio between 3 and 5. 11, 12, 18, 19 For the production of multilayered filaments (see Figure 1 ) studies have been focused on the investigation of the influence of a conductive inner core on the β-phase content of PVDF. In one study, filaments have been co-extruded with a Polyproplylene/Carbon Black conductive inner core and a PVDF outer layer, and it has been shown that the electroactive phase content is not affected by the presence of the conductive inner core, and, in fact, depends just on the stretch temperature and ratio, as previously stated for mono-material filaments. 20 Similar work has been comprehensively described. 21 With respect to the electroactive properties of the extruded filaments , a piezoelectric cable obtained from a two layer coextruded filament, comprising an internal semiconductive electrode and a PVDF layer, coated with a thin layer of a semiconductive copper based lacquer, was tested and characterized. 22 A non-linear relationship between the electrical charge produced by the cable and the force applied was determined.
Mazurek et al. describe the production of concentric piezoelectric cables by coextrusion. 23 The outer electrode is applied in an additional step. The cables were poled using the thermoelectret method, the breakdown method, the low-temperature plasma method and the corona method. The low-temperature plasma method produced the best piezoelectric response.
The development of piezoelectric cables using sequential processing techniques was also described. 24 An inner conductive core is covered with PVDF, which is then electroded with a metal or a semiconducting polymer and mechanically strengthened with a polymer coating. The influence of several parameters on the β-phase content of PVDF such as processing temperature, stretch ratio and cooling temperature of the PVDF after stretching, as well as the influence of the thermal impact of the coating step used to apply the outer electrode, were studied. It was found that the β-phase content increased by from 20 to 100% when stretch ratios varied between 3 and 5. A reduction of the cooling temperature from 5 ºC to -30 ºC produced an increase to 100 % of β-phase content, from 61 and 71%, depending on the inner core material. The thermal impact of the coating procedure resulted in a significant decrease of β-phase content, from 100% to a value varying between 79% and 49 %.
Vatansever et al. reports the production of PVDF monofilaments, which are stretched and poled inline by an electric field produced between two parallel plates. 25 A functional prototype of a sensor based on the material produced was achieved by placing a number of filaments in a parallel arrangement and providing copper electrodes on the upper and lower faces of the assembly. The assembly was shown to produce an electrical signal upon mechanical shock Walter et al. manufactured a composite product comprising PVDF filaments and epoxy resin, with the filaments laid out in a parallel arrangement. The composite was then poled with a linear electric field in a direction perpendicular to the fibres. 26 Piezoelectric activity was shown both for longitudinal and bending deformations.
Piezoelectric multilayer fibres have also been produced by Egusa et al., who presented a production process involving the creation of a macroscopic pre-form of the fibre. 27, 28 This pre-form is achieved by assembling the layers composing the fibre in a flat arrangement and rolling them together to produce the pre-form. The pre-form is then drawn, reaching its final dimensional (and in the case of piezoelectric fibres, also functional) state after the drawing process. This process allows the production of tens of metres of fibre in each cycle, but it does not allow a continuous production of the Unlike to all the works previously presented, in which the filaments are obtained in discrete production steps, in this work the conductive and piezoelectric layers ( Figure 1) are produced by co-extrusion, in a single operation. This strategy represents a significant reduction of the processes involved in the manufacturing process.
The remainder of this paper is organized as follows: Section 2 describes the materials employed and the production and characterization methods, while in Section 3 the main results are presented and discussed. The paper ends with the main conclusion of the work.
EXPERIMENTAL

Filament production
The piezoelectric filament is composed by a PVDF layer surrounded by two conductive layers in a coaxial arrangement ( Figure 1 ).
Two different co-extruded filaments were produced using Solvay Solef Ta-1010 PVDF for the piezoelectric layer. For the electrode layers, two different compounds were used:
Pre-Elec 1396 conductive PP, from Premix, and PlastiCyl PP2001, from Nanocyl. The latter, a carbon nanotube-based compound is supplied in a 20 %wt master batch and was mixed on a Leistritz twin-screw extrusion line, employing PP Moplen HP540J from LyondellBasell, to achieve a 7 %wt concentration for the filler, and granulated using a conventional granulator (C F SCHEER & CIE, Model D-7000). The two filaments will hereinafter be designated as type 1 (extruded using the Premix compound) and type 2 (extruded using the Nanocyl compound).
The three-layer filaments were then produced in a prototype monofilament co-extrusion line schematically illustrated in Figure 2 . FIGURE 2 Monofilament prototype co-extrusion line used for the production of the filaments.
In this line, two extruders were employed, since two different materials are required to produce the desired filaments. In the system, the materials are pumped at a pre-defined rate by the extruders, employing the processing conditions shown in Table 1 , through a co-extrusion die, illustrated in Figure 3 , which shapes the multilayer coextruded filaments. The depressions existing in the modules that conduct the material to form an additional layer (M3 and M5), were created to assure an even distribution of the flow along the perimeter of the layer. The modules' arrangement presented in Figure 3 allows the production of the 3 layer filament.
The die also features screws for layer thickness adjustments. These are screwed in Module M7, and can be used to adjust the flow rate independently for each streamline, by restricting the flow channel of the material that will form the respective layer.
After leaving the co-extrusion die the filament is cooled in a water bath to room temperature. Subsequently the material is drawn in a heater at a defined temperature, being the stretch ratio (R) determined by the relation between the linear velocities v 1 and v 2 , the velocity set for roll systems 1 and 2, respectively:
The cooling/heating steps are required to assure a more accurate control of the drawing temperature.
An extensive experimental trial allowed establishing the optimal processing conditions for the filaments, regarding process stability and final quality of the filament. The objective was to achieve the highest drawing ratio possible at the ideal drawing temperature interval. Table 1 summarizes all the relevant processing conditions employed.
The drawing temperatures used are higher than the effective suggested temperatures found in the literature (80 to 120 ºC) but it has only been possible to draw these three-layered filaments during production using relatively high temperatures for the Heater (Figure 3 ).
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Using the equipment available, the process became unstable when lower temperatures were employed, with frequent filament breakage and defects. However, it should be noted that unlike in a static drawing process, in the present case the drawing is obtained in-line, thus in dynamic conditions. The filament travels through the heater at a relatively high speed, and consequently has a residence time in the heater lower than two seconds. Considering the low thermal diffusivity typical for the polymeric materials, it is obvious that the PVDF layer does not reach the temperature imposed at the heater. To assess the actual content of electroactive phase of the PVDF layer, the β-phase content was determined, as described in the next section.
Determination of β-phase content of the samples
β-phase of PVDF on the extruded filaments was characterized by Fourier transformed infrared spectroscopy (FTIR) using a Jasco FT-IR 4100 in attenuated total reflectance mode (ATR) over a range of 4000-600 cm -1 and sixty four scans for each sample were accumulated. For each type of filaments 5 samples were analyzed. For this characterization, 30 mm long co-extruded samples were used, from which the outer layer was removed to expose the PVDF layer, which was placed directly in the ATR device.
To quantify the amount of β-phase, infrared absorption bands at 763 and 840 cm
, specific of the α-and β-phases, were used.
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A procedure was employed, in which the β-phase content is calculated by for the α-and β-phase, respectively. 1
Filament Poling
Poling was achieved by the application of a high voltage directly to the filament. For this purpose, filaments were cut into 10 cm long segments and a high voltage source was connected between the outer and the inner conductive layer, according to the schema presented in Figure 4 .
FIGURE 4 Poling scheme for the coextruded filament
The maximum voltage that could be applied on the filament poling experiments was about 9 kV. Above this value, short-circuit of the filament due to localized breakdown of the PVDF layer occurred. To increase the effectiveness of the poling, while subjected to the electrical field, the filaments were kept for 20 min at 80 ºC and then cooled to room temperature.
Mechanical characterization
Three filament samples of each of the two filament types were stretched until rupture in a universal testing machine (Shimadzu AG-IS 500 N) at a speed of 10 mm min -1 . The initial distance between grips was 30 mm.
Electrical evaluation
Signal conditioning and acquisition
For the evaluation of the potential of the extruded material for sensor applications, the filaments were connected to a custom-built charge amplifier ( Figure 5 ).
FIGURE 5 Connection and signal conditioning for the coextruded filament
In piezoelectric sensors, an electrical potential is generated upon application of mechanical action. However, the charge unbalance involved in this process is very small and is quickly dissipated in a conventional amplifier. Thus, any mechanical action produces a signal peak when the action occurs, but upon achieving a static condition no additional electrical signal is produced.
To provide a piezoelectric measurement system with the ability to measure quasi-static phenomena, or to allow it to measure slow varying stimuli, a charge-to-voltage converter, commonly known as charge amplifier, is used. In this amplifier, the charge pumped into the amplifier by the piezoelectric sensor is picked up and held in the capacitor present in the amplifier's feedback loop.
Due to the presence of bias currents, a charge amplifier with only a capacitor in its feedback loop has the tendency to saturate. To avoid this, a feedback resistor is used, which on the other hand causes the capacitor to discharge through the feedback resistor.
The discharge time to 36.8 % of charge, known as the time constant, can be varied by adjusting the value of the component and is given by: A piezoelectric sensor coupled to a charge amplifier can thus be dimensioned to perform measurements of very low-frequency (or quasi-static) signals, although it is not able to measure purely static signals. 30 The capacitor value also determines the amplifier gain, which is inversely proportional to its value: 
Experimental test setup
The filaments were subjected to tensile stress to test its functionality as a mechanical sensor. For deformations along the filaments, these were placed between the grips (distance between grips: 30 mm) in a Shimadzu AG-IS 500 N universal tensile testing machine ( Figure 6 ), using a load cell of 1 kN. A pre-tension was applied with the objective of keeping the filament permanently under tension during the test. From the mechanical characterization performed, it was decided to apply 5 N of pre-tension, a value sufficient for the purpose and lying well in the linear region of the strain-stress curve. The tester was set to pull the filaments with a displacement of 0.3 mm, corresponding to 1% of extension. The pulling speed was set to 100 mm min -1 and 20
cycles were performed. Figure 7 shows cross-section images of two samples of type 1 and type 2 filaments each. The filaments were inserted into resin, cut and polished.
FIGURE 6 Test setup for stretching action (left), electrical connection detail (right)
RESULTS AND DISCUSSION
Extrusion
FIGURE 7 Microphotographs of the three-layer filament cross-section in two samples
of filament type 1 (upper row) and two samples of filament type 2 (lower row).
As can be observed, the shape of the layers is not fully axisymmetric, with type 2 filaments exhibiting a more even geometry than type 1 filaments. Moreover, a larger trend for layer delamination is observed for type 1 filaments.
Although the modular design of the dye appeared as an interesting advantage of the extrusion die, fine interplay between the different modules is required, which revealed itself as a source of imprecision. The inexistence of a tuning mechanism and the complex rheological behavior of the materials employed, render process control very difficult to achieve, resulting in the obtained asymmetric layer distribution. Still, it was possible to obtain continuous layers of the different materials that comprise the filament, which assures electrical conductivity in the inner and outer layers, making it possible to pick up the electric signals generated in the piezoelectric layer.
A more even geometry of the filament would allow improvement in several aspects, among them the optimization of the poling procedure as, for example, the maximum electric field that can be applied, which is currently imposed by localized defects of the PVDF layer. However, an on-line tunable tool, required to handle different materials, layer thickness distribution and processing conditions, would have a prohibitive cost, not adequate for this phase of the investigation (proof of concept).
Another problem to be tackled is the lack of adhesion between the conductive and the electroactive areas, which can reduce the signal pick-up of the sensor and thus decrease its sensitivity and affect the homogeneity of behavior along the filament length.
Although the void spaces visible in the microscopic images are most probably caused by the cutting and polishing actions used in sample preparation, they reveal a potential for layer delamination. Table 2 summarizes the PVDF layer thickness measured from Figure 7 , and under a voltage of 9 kV, the resulting poling field for the thickest and thinnest points of the PVDF layer. Figure 8 shows the FTIR spectrum obtained for the different filaments.
Poling fields
ß-phase content
FIGURE 8 FTIR spectrum of the extruded samples
The calculation of ß-phase content according to Equation 2 yields the following result: The value found for the type 1 filament is relatively low, considering that in previous experiments with PVDF extruded filament, piezoelectric phase contents of 70 to 80 % had been achieved. 20 Still, this percentage of ß-phase material is sufficient to obtain electroactive filaments, as will be presented in Section 3.4.
On the other hand, the value of approximately 68% found for the type 2 filament
confirms that under the current dynamic processing conditions the high heater temperature is not inhibiting the achievement of electroactive phase material.
The higher values of ß -phase content obtained for the type 2 filaments are also related to the higher stretching ratio, which was 5, while the one achieved for the type 1 filaments was 4. Figure 9 shows the results of the tensile test.
Mechanical test
FIGURE 9 Tensile test on samples of the filaments
The graph in Figure 9 shows that type 2 filaments exhibit almost double the breaking strength of type 1 filaments. In both cases, rupture occurs at values that are much higher than the force ranges in which the filament sensor is expected to be used (lower than 20 N). Moreover, the filaments exhibit a linear stress-strain behaviour in this range.
It can also be observed that the tensile modulus is higher for the filament type 2. The difference in mechanical behavior results mainly from the higher draw ratio used in filament type 2, as the cross-section area of both filaments is very similar.
Regarding type 1 filaments, layers break at different times. The outer layer is the first to break, followed by the PVDF intermediate layer, which then causes sample fracture.
For type 2 filaments a different behaviour is observed. These samples fully fracture almost immediately after the failure of the first layer, which is also the outer conductive layer. The mechanical properties of the layers seem in this case to be more balanced in terms of mechanical resistance.
Rupture of the innermost layer cannot be observed on the graph. This layer seems to be already broken when the PVDF layer breaks. Figure 10 shows the force/displacement values measured by the universal tester and the electrical signals resulting from this excitation, for a sample of filament type 1.
Electrical test
FIGURE 10 Force and displacement (upper graph) and electrical signal (lower graph) picked up by the measurement system during the cyclic test on one sample of filament type 1.
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The same is shown in Figure 11 a sample of filament type 2.
FIGURE 11 Force and displacement (upper graph) and electrical signal (lower graph) picked up by the measurement system during the cyclic test on one sample of filament type 2.
As shown in Figure 10 and Figure 11 , the electrical response depicts the force variations very accurately, with the typical effects present on a piezoelectric sensor coupled to a charge amplifier, as explained in Section 2.5.1. The signal suffers a decay of average value caused by the high-pass response of the charge amplifier, which eliminates the average values over time (the signal tends to the electrically produced 2.5 V offset).
After the last cycle, the signal again converges to the 2.5 V offset. These two decays occur with a time constant that, in the current case and considering the values of C f =10 nF and R f =100 MΩ, is T=1 s, which is in accordance with the observed signals.
The peak-to-peak value of the electrical signal at cycle 11 for filament type 1 is 0.97 V, corresponding to a force variation of 11.78 N. Filament type 2 presents 1.44 V for 19.41
N. For these values, the sensitivities of the sensors are computed as follows:
The charge injected into the capacitor for a force range of 11.78 N in filament type 1 is
For filament type 2 a value of 14.4 nC is obtained.
Thus, the sensitivity of the filament sensor type 1 can be calculated as 9.7 • 10 11.78 0.82
The same calculation results in 0.75 nC N , which is an order of magnitude higher than that produced by the filaments.
Several factors should be taken into account to explain the difference in sensitivity of the filament sensors when compared to the film. In the first place, the ß-phase contents of 59 and 68% found in the filaments are lower. ß-phase content of 95% has been determined in poled piezoelectric film from the same manufacturer. 31 Second, poling fields achieved in this experiment are also low. Although they exceed the coercive field for optimal results a larger poling field is required. 1, 11 To increase the poling field, a more even geometry of the filament has to be achieved. This would allow increasing the poling voltage. In combination with this, better results may be achieved by reducing the PVDF layer thickness.
A third issue that may affect the results obtained is the adhesion between the electrical conductive layers and the PVDF layer. As can be observed in Figure 7 there is a potential for layer delamination and the occurrence of voids between conductive layers and the electroactive layer. This affects the collection of the electrical charge moved to/from the surface of the PVDF by the piezoelectric effect, reducing the signal produced in the charge amplifier and thus decreasing sensitivity.
Considering the higher ß-phase content, poling field and slightly larger volume of electroactive material present in filament sensor type 2, a higher sensitivity from this sensor would be expected, which did not occur. Considering all the plausible factors for this fact, lack of layer adhesion is seen as a probable cause for sensitivity loss and should be improved in subsequent studies.
CONCLUSION
In this work, a proof-of-concept for a three-layered co-extruded filament sensor, produced in a continuous manner, has been given. The experimental characterisation performed showed that the sensor produces an electric signal proportional to the tensile force applied. Further work on optimization of the extrusion process can improve the sensitivity and geometry of the sensor. The reduction of the filament's cross-sectional dimensions can then lead to the mass-production of low-cost electroactive materials with possibility of full textile integration and interesting sensing capabilities and applications.
